This work demonstrates that the binding of Li atom plays an important role in the Al 4 Li 4 clusters, which changes the structure of the Al 4 ring and induces the distinct magnetic shielding properties depending on the position of Li atom. The Al 4 Li 4 cluster possesses both aromatic (S type) and antiaromatic (L type) isomers depending on the position of Li atom with an 8.74 kcal/mol energy difference at the singlet state. The bond length alternation (BLA) values and nucleus independent chemical shift analysis of each canonical molecular orbital (NICS-CMO) analyses show that S type isomers are aromatic and L type isomers are antiaromatic as the singlet low-lying states. A cyclic reaction pathway between L and S type isomers is mapped with five low-lying and five transition states including two intermediate states.
Introduction
The concept of aromaticity used to explain the additional stability of organic conjugated ring molecules was expanded to inorganic systems by the discovery of aromaticity in organometallic, [1] [2] [3] all-metal clusters, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and recently transition-metal-containing clusters with aromaticity. [21] [22] [23] Interest in this field has been increased by the finding of an antiaromatic all-metal cluster. Boldyrev and Wang experimentally observed Al 4 Li 3 À cluster and suggested it to be antiaromatic because a Al 4 4À ring in the Al 4 Li 3 À contains four electrons and has a non-equilateral shape. 24) In subsequent reports, arguments ensued concerning whether the compound is truly ''antiaromatic'' [24] [25] [26] [27] [28] [29] [30] or is actually ''netaromatic''. [31] [32] [33] [34] Schleyer and Chen concluded that the Al 4 Li 3 À cluster is net-aromatic because its aromaticity dominates over antiaromaticity. 31) Pati and Datta observed the evidence of antiaromaticity in the Al 4 Li 4 cluster because its reactivity pattern resembles the antiaromatic nature of C 4 H 4 in complexation with 3d transition metal atoms, 26, 27) and emphasized that the poor separation of the -energy in the Al 4 Li 4 cluster was responsible for its antiaromatic character. [28] [29] [30] Havenith and Fowler pointed out the mixed character of Al 4 Li 3 À and Al 4 Li 4 . It shows a diatropic current in the molecular plane, but a paratropic one out-of-plane. 35, 36) Islas and Merino also indicated ''bitropic'' nature of Al 4 4À species in the total magnetic response: Al 4 4À species have typical antiaromatic long-range cones, while the magnetic field in the Al 4 4À ring plane is similar to that of aromatic annulenes. 35, 36) Despite extensive studies on the Al 4 Li 4 cluster, the role of Li atoms remained unfocussed that is whether the Li atoms only supply a charge or play another important role in the Al 4 Li 4 clusters. In order to resolve the issue, we present here an analysis of the structure and electronic properties of the Al 4 Li 4 clusters. Our results show that the Al 4 Li 4 cluster possesses both aromatic and antiaromatic isomers depending on the position of Li atom with an 8.74 kcal/mol energy difference at the singlet state. We have investigated the reorganization process between aromatic and antiaromatic structures by mapping the cyclic reaction pathway.
Computational Details
The geometry optimization of several isomeric structures 37) have been carried out at the B3LYP/6-311+G(d) level of theory, 38, 39) followed by vibrational frequency analysis. In order to verify the nature of a transition state that has been optimized with one of the local methods described before, the Hessian needs to display the required number of negative eigenvalues. Aside from this local criterion, it is also necessary to identify the minima connected through the transition state. This latter part is usually performed through calculation of some kind of reaction coordinate. One particular choice is the intrinsic reaction coordinate (IRC), defined as the minimum energy reaction pathway in mass-weighted cartesian coordinates between the transition state of a reaction and its reactants and products. It can be thought of as the path that the molecule takes moving down the product and reactant valleys with zero kinetic energy. Single-point total energy calculations were at the CCSD(T)(full)/aug-cc-pVTZ level of theory 40, 41) using the optimized geometries. The evaluation of the aromaticity in these isomers was carried out through bond-length alternation (BLA) and nucleus independent chemical shift of each canonical molecular orbital (CMO-NICS) analysis by computing the individual Kohn-Sham CMO contributions. 42, 43) CMO-NICS(0) value was computed at the center of the Al 4 ring. Gaussian 03 program 44) was used for the DFT and ab initio calculations and NBO 5.0 program 45) was used to analyze the CMO-NICS.
Several approaches [46] [47] [48] [49] are usually used for the study of magnetic shielding properties including the NICS analysis. Based on a cyclic electron delocalization, which is the essence of aromaticity, NICS is an absolute measure in the sense of not requiring reference standards for its quanti-fication. However, NICS does not depend purely on the system but also on other magnetic shielding contributions due to local circulations of electrons in bonds, lone pairs, and atom cores. Because these complicating influences are reduced above ring center, NICS(1) values (i.e., at points 1 Å above the ring) were recommended as being better measures rather than NICS(0) (i.e., in ring centers). 50, 51) So, we have analyzed NICS at points 0.5, 1.0 and 1.5 Å above the Al 4 ring plane and at the center points of the Al-Al-Li triangle planes.
Results and Discussion
The low-lying isomers of the Al 4 Li 4 cluster having capped octahedral geometry are depicted in Fig. 1 . According to the location of the Li þ at the long or short side of rectangular Al 4 ring, these isomers are classified into ''L'' and ''S'' type with C 2v (L1 and S1) and C 2h (L2 and S2) symmetry. The structures of the low-lying isomers reveal that Li atom plays a significant role beyond charge transfer. The binding of Li atom gives rise to the change of the Al 4 ring structure followed by the distinguishable features of L and S type isomers. The distance of Al-Al bond in the rectangular Al 4 ring is extended by binding of Li atom. Accordingly, the long side in L type (2.997 or 3.002 Å ) is more extended than the long side in S type (2.678 Å ), whereas the short side is more contracted (2.449 or 2.422 Å in L type and 2.544 or 2.548 Å in S type). The torsion angle between Al 4 plane and Al-AlLi plane in L type increases about 10 degrees in comparison to the angle of S type. In addition, the average charge transfer from Li atom to Al atom in the L type (about 0.44) is larger than that of S type (about 0.39) in the CHelpG 52) charge analysis as seen in Table 1 . So far, most of the previous studies have focused on the S type structure. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] However, it is found that both L and S types are stable with no imaginary frequency (except L2 structure which has one imaginary frequency) and the order of stability is S1 $ S2 > L1 > L2 at the CCSD(T)(full)/aug-cc-pVTZ level of theory. Details of total energy evaluations are in the Supporting Information.
Although four structures are feasible in the capped octahedral geometry with respect to the position of the Li þ , in fact, the energy difference between S1 and S2 structures is small and L2 structure is not a real low-lying isomer. However, the Al 4 Li 4 cluster can possess both ''L'' and ''S'' types.
The remarkable feature emerging from this study is that the Al 4 Li 4 cluster possesses distinctively different aromatic character according to the type of isomer (L and S type). Table 2 shows total CMO-NICS(0) and BLA values of L and S type isomers and intermediates between L and S type (M1 and M2). S type isomers are found to be aromatic with higher stability and small BLA values (0.134 and 0.130 Å ). In sharp contrast, L type isomers show an antiaromatic character with lower stability and large BLA values (0.548 and 0.580 Å ), which is significantly larger than the well-known antiaromatic C 4 H 4 molecule (0.240 Å ). 26, 27) These distinctive BLA values in L and S type isomers originate from the effect of the binding of Li atom i.e. the short side of Al 4 ring in S type and the long side of Al 4 ring in L type are elongated by the binding of Li atom. In the case of the intermediates (M1 and M2), the Al 4 ring structure is distorted from rectangular because two Li atoms bind to each long and short side. Therefore, the intermediates have two BLA values and the average value is similar to the value of S type. This conclusion based on the BLA analysis is confirmed by the CMO-NICS(0) analysis, which is consistent with predictions based on BLA values. While the total CMO-NICS(0) values of the L type isomers show 28.07 and 62.71 ppm, the S type isomers are À6:67 and À11:22 ppm, for C 2v and C 2h symmetries, respectively. The intermediates (M1 and M2) have À1:56 and À1:54 ppm, respectively. The CMO-NICS(0) analysis for the orbital contributions of L1 and S1 isomers estimated at 55.4 and 12.2 ppm, respectively, confirming their antiaromatic character (Fig. 2) . On the other hand, the relatively small antiaromatic contribution of S1 (12.2 ppm) is suppressed by the large aromatic contribution of all the orbitals (NICS(0) À17:2 ppm), which is in agreement with the conclusions of Schleyeř and Chen. 31) However, the same is not true for L1 structure, since the aromaticity is low compared to its antiaromaticity. It should be mentioned that even though the L1 structure is destabilized due to the antiaromaticity, it can still exist as a local minimum at Fig. 3) .
Ã3 BLA value of the long side/BLA value of the short side.
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the singlet state. This stabilization is explained by theseparation energy analysis, where the energy gained from this framework compensates the destabilization of framework by distorting Al 4 ring. [28] [29] [30] We have calculated NICS values at different distance above the Al 4 ring plane (0.5, 1.0 and 1.5 Å ) and at center points of the Al-Al-Li triangle planes (Fig. 3) (Fig. 4) . In order to verify the transition state, we have performed IRC calculations. However, square Al 4 ring dose not exist as a transition state between two rectangular Al 4 rings in the automerization pathway. Therefore this route is ruled out as a possible pathway. In the conversion between S1 and S2 isomers, the movement of the Li þ ion is facile in a vertical plane to the Al 4 ring with small barrier energy (less than 1.0 kcal/mol). On the other hand, the horizontal movement of Li þ is difficult because it requires distortion of framework in the Al 4 ring with higher barrier (10.78 and 11.38 kcal/mol). Therefore, the Al 4 Li 4 cluster prefers aromatic S type structures under ordinary condition rather than being on L type because of such high energy barrier. On the other hand, antiaromatic L type structures can readily undergo complexation and catalytic reactions as a transition state, such as the L2 structure. This clarifies why the Al 4 Li 4 cluster shows reactivity patterns similar to the antiaromatic C 4 H 4 .
Conclusions
This work has demonstrated that the binding of Li atom plays an important role in the Al 4 Li 4 clusters, which changes the structure of the Al 4 ring and induces the distinct magnetic shielding properties depending on the position of Li atom.
The BLA values and NICS analyses show that S type isomers are aromatic and L type isomers are antiaromatic as the singlet low-lying states. A cyclic reaction pathway between L and S type isomers is mapped with five low-lying and five transition states including two intermediate states.
Higher energy states of L type isomers at the cyclic reaction pathway imply that the isomers follow the antiaromatic reaction patterns. 
